Of various methods for lipid recovery in Botryococcus braunii UTEX 572, the most effective method was disruption of the cells with a bead-beater followed by extraction with chloroform/methanol (2:1, v/v). This gave a lipid content of 28.6% of dry wt. There was a significant relationship between in vivo fluorescence of cells stained with Nile Red and lipid content in B. braunii determined gravimetrically (r 2 ϭ 0.997). This suggested that the Nile Red staining as a rapid method was as good as the gravimetric method commonly used for lipid determination which requires toxic solvents and considerable time-consuming manipulations.
Introduction
Lipid production by photoautotrophic organisms is an important process in the aquatic ecosystem. Lipids are storage products with high nutritional value, and their synthesis and accumulation by algae is a principle source of energy for invertebrates and fish because they supply essential polyunsaturated fatty acids. Furthermore, algal lipids have been suggested as a potential diesel fuel substitute with an emphasis on the neutral lipids due to their lower degree of unsaturation and their accumulation in algal cells at the end of growth stage (Casadevall et al., 1985; McGinnis et al., 1997) .
There are two ways of analyzing total lipids: the gravimetric and the spectrophotometric methods. Although many methods for algal lipid analysis have been recommended, the most popular is a slightly modified system of Bligh and Dyer (1959) using fresh or frozen fish tissue as a sample. However, the structure of algae is different from that of animal tissue. Ahlgren and Uppsala (1991) also reported that lipid in algae seems to be more difficult to extract with these methods. The extraction procedure of lipid must ensure not only full extraction but also the avoidance of any decomposition of natural constituents leading to the formation of artifacts. If this preliminary stage of lipid analysis results in the loss of specific lipid components or the production of artifacts, the remaining procedures for lipid separation and quantification will not accurately reflect the composition of the original sample.
A simple and sensitive method for measuring total lipids in algae is desirable because the traditional gravimetric methods require considerable time-consuming manipulations and the biomass available for analysis is often too small in the course of growth. In this experiment, we used Nile Red as a fluorescent stain for the determination of algal lipids by using a fluorimeter. Nile Red is a red phenoxazine dye that is present as a minor component of commercial preparations of the non-fluorescent stain, Nile Blue. The dye has been used for the detection of intracellular lipid droplets by fluorescence microscopy (Greenspan et al., 1985) . However, the usefulness of Nile Red for algal lipid determination has received little attention. In this study, we investigated the efficiency of algal lipid recovery for six different extraction methods and five different solvent systems, and are presenting a simple staining method for the rapid determination of algal lipid. The green alga Botryococcus braunii was used as a test organism because of its high content of hydrocarbons (Yamaguchi et al., 1987; Lee et al., 1998) .
Materials and methods

Chemical and reagents
Nile Red (9-diethylamino-5H-benzo[α]phenoxazine-5-one) was from Sigma. Organic solvents were HPLC grade and used after preliminary distillation. braunii was grown in a 5-l photobioreactor containing 3.5 l medium which was stirred at 100 rpm, thermostated at 25°C and continuously illuminated at 100 µmol m Ϫ2 s
Ϫ1
by cool-white fluorescent lamps. Sterile air enriched with 1% CO 2 was admitted at the bottom of the vessels at a rate of 20 l h
. After 2 weeks of incubation, the cells were harvested by centrifugation at 8000 g for 10 min. The cells were suspended with sterile medium and aliquots of cell suspension were distributed (equivalent to 120 mg as dry wt) and centrifuged. The wet algal pellets were stored at 4°C under N 2 atmosphere until lipid analysis. The dry wt of algal cells was measured by filtering an aliquot of culture suspension on preweighed Whatman filters (GF/C). The filters were rinsed with redistilled water, dried at 100°C for 12 h and reweighed.
Destruction of algal cells
Before destruction of algal cells, 5 ml of phosphate buffer (pH 7.4) was added to the algal pellets for minimizing side reactions. In order to compare the extraction efficiency of algal lipid, the following methods for destruction of algal cells were tested: 1) direct extraction using solvents only; 2) sonication for 1 min; 3) homogenization for 1 min; 4) high pressure at 170 atm using a French press (SLM Instruments, SLM AMINCO); 5) bead-beater (Biospec, Model 3110 BX) extraction for 1 min using 1-mm glass beads; and 6) lyophilization of algal cells. After destruction of algal cells according to the above six different methods, the suspensions were transferred to separatory funnels and 30 ml of chloroform/methanol (2:1, v/v) mixture was added as an extractant of lipids. All experiments were replicated five times.
Solvent systems for lipid extraction
The choice of solvent system for lipid extraction from algae is very important due to the extraction efficiency of solvent mixtures depended on cell wall permeability as well as the type of the organism. After destruction of algal cells with the bead-beater, five different solvent systems widely used for lipid extraction were selected for comparative tests. The five were chloroform/methanol (2:1, v/v), hexane/ isopropanol (3:2, v/v), dichloroethane/methanol (1:1, v/v), dichloroethane/ethanol (1:1, v/v), and acetone/dichloromethane (1:1, v/v).
Gravimetric determination
The extract containing algal cells was shaken vigorously for 20 min and let stand for 30 min. To the monophasic extracts, sufficient organic solvents and water were added to render the systems biphasic. The organic layers were decanted, and the same procedure was repeated with 20 ml of each solvent. The combined organic solvents were washed with 20 ml of 5% (w/v) NaCl solution, evaporated to dryness and the total lipids were measured gravimetrically.
Nile Red staining Nile Red solution, 40 µl, in acetone (250 mg l
Ϫ1
) was added to 10 ml of algal suspension. The mixture was vigorously agitated on a vortex mixer. Fluorimetric analysis occurred 10 min after staining using a digital fluorimeter (Turner, Model 450) with a 490 nm narrow band excitation filter and a 585 nm narrow band emission filter. The relative fluorescence intensity of Nile Red was obtained after subtraction of both the autofluorescence of algal cells and the fluorescence intensity of Nile Red alone in the medium.
Results and discussion
Effects of extraction methods Figure 1 shows the lipid content (% of dry wt) in B. braunii recovered by six different extraction methods associated with the solvent system of chloroform/methanol. 
